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LASER light refractionThe production of biodiesel is rapidly expanding around the world, making it more important to produce this
fuel with more energy efﬁciency. In this paper, we observed a series of transesteriﬁcation reactions of soy
bean oil and methyl alcohol catalyzed by potassium hydroxide. The observations were made using a non-
invasive optical technique. This technique is useful to indicate the endpoint of a transesteriﬁcation reaction or
to determine when this reaction is reaching the state of chemical equilibrium. This study made it possible to
improve the follow-up of the transesteriﬁcation reaction, by optimizing the reaction time with a better
monitoring system.3-Petrópolis, Porto Alegre/RS-
oni), isaac@pucrs.br
evier OA license.© 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Biodiesel, when consumed in the form of monoalkyl ester, is a
synthetic ﬂuid fuel, generally produced by the transesteriﬁcation or
esteriﬁcation reactions [1–3], among other forms of production
since according to [4] there are three more ways to make biodiesel,
direct use and blending, microemulsions and thermal cracking
(pyrolysis). This paper deals with the monitoring of the transester-
iﬁcation reaction by LASER spectroscopy. It analyzes the behavior of
the LASER light refraction [5–8] caused by changes in the refraction
index of the reaction medium.
Considering the general reaction described by the equation in
Fig. 1 [4,9–11] as an appropriate interpretation of the transester-
iﬁcation reaction, the detailed mechanism can be written as
illustrated in Fig. 2, including a pre-step involving the preparation
of the catalyst.
Fig. 2 begins with the pre-step that involves the preparation of the
catalyst (KOCH3) in alcoholic solution, steps 1 and 2. Subsequently,
this solution is added to soybean oil, step 3, where the transesteriﬁca-
tion reaction begins. The transesteriﬁcation reaction usually requires
some heating and presence of catalyst to accelerate its development.
As described [13] the catalyst tends to deposit on the glycerin
molecule, steps 4, 6 and 8. And so the agitation of the system is
important to promote the regeneration of the catalyst and allow the
reaction to continue, converting triglycerides (tg), diglycerides (dg)and monoglycerides (mg) into monoalkyl esters (me) and glycerin,
steps 3, 5, 7 and 9. It is important to note that preferentially the
catalyst (KOCH3) is regenerated instead of potassium hydroxide
(KOH). The pKa of methanol is 15.5 [14], lower than that of water
pKa=15.7 [15]; so potassium hydroxide should be regenerated only
in step 9 of Fig. 2.
According to Callis [16] and Trevisan [17], a reaction can be
monitored in ﬁve different ways, ofﬂine; at-line; online; in-line and
non-invasive. Fig. 3 exempliﬁes the combined use of different
monitoring methods in a single reactor [17].
In this study, the instrument used is an optoelectronic device
[18] that can be classiﬁed as a non-invasive sensor, more details in
Fig. 4.
Using the Braket vector notation [6,19] to represent the path
traveled by the light in an optical system, it is possible to represent
universe of Fig. 4 according to Eq. (1).
〈E jS〉 = 〈E ja〉〈a jg〉〈g jr〉〈r jg〉〈g ja〉〈a jS〉 ð1Þ
For this situation, a photon leaves from an initial position (S),
reaching a ﬁnal position (E), and between S and E, this photon
passes through two air environments (a), two glass environments
(g) and a chemical reaction (r).
Considering that the air environment (a) and the glass environ-
ment (g) don't participate in the chemical reaction and therefore are
not affected by the course of reaction, it is possible to simplify the
representation of Eq. (1) as Eq. (2).
〈E jS〉 = 〈E jr〉〈r jS〉 ð2Þ
Because of its initial chemical composition, considering only the
major components of the reaction, the environment (r) can be
Fig. 1. Transesteriﬁcation reaction.
Fig. 2. Mechanism of alkali-catalyzed transesteriﬁcation of triglycerides with methyl alcohol, adapted from [4,9,12,31].
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Fig. 3. Trevisan [17], combination of multiple sensors in a single reactor: a — sampling valve required for measurements off-line and at-line, b — a sample line, which leads the
samples to a online sensor; c — a internal wall probe, characterized as an in-line sensor, d — a wall sensor, representing a non-invasive model.
Fig. 4. Schematic view of the reaction system.Legend: 1 — LASER source; 2 — Heating plate; 3 — Reactor; 4 — Transducer; 5a — Incident LASER bean; 5b — Interaction between the
LASER and the medium; 5c — output LASER radiation; S — propagation plane start point; E — propagation plane ending point; a — air environment; g — glass environment; r —
reaction environment.
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(tg), according to Eq. (3).






〈E jal〉〈al jtg〉〈tg jS〉 ð3Þ
And the ﬁnal chemical composition of the environment (r), can be
expressed in terms of molar ratio of monoalkyl ester (me) and
glycerol (gl), according to Eq. (4).






〈E jme〉〈me jgl〉〈gl jS〉 ð4Þ
In order to monitor the reaction with LASER light refraction it is
useful to know the refractive index of the reaction components. This
information is summarized in Table 1. The main raw materials of the
reaction are marked in red, and the main products are represented in
blue. As the proportion of the raw materials and products changes
during the reaction, these are the changes monitored by the analysis
of the refracted light.
2. Material and methods
In order to monitor the transesteriﬁcation reaction the following
materials and equipment were used: a Class I LASER 650 nm, a LDR
(Light Dependent Resistor) transducer, a hot plate with stirring, a type
K thermocouple, an A/D converter and a computer, as well as the
appropriate glassware. The chemical reagents used were commercial
purist grademethanol provided by Nuclear, soybean oil was bought at
local supermarket and potassium hydroxide 85% purity provided by
Nuclear.
The transesteriﬁcation reactionwas carried out at a temperature of
60 °C with a stoichiometric molar ratio alcohol|oil (3:1), and 1% of
KOH was used as catalyst. The reaction was monitored for approx-
imately 2 h and samples were taken every second. The experiment
was conducted in an environment isolated from external light, and
mounted as shown in Fig. 4.
The technique used to monitor the reaction consisted in sending a
continuous laser beam in the reaction environment, measuring the
refractive index of the reaction medium throughout all the reaction
time. The amount of light hitting the LDR was converted to an analog
electrical signal; the analog signal was then converted to a digital
signal by means of an analog/digital converter. Later the digital signal
was sent to the computer and stored in a table of a database. The table
data were then presented in graphical form for better interpretation.
Considering that the refractive index of rawmaterials (Eq. (3)) [21,23]
is different of the refractive index of the ﬁnal products (Eq. (4))
[22,24], it was possible to correlate the kinetic rate of the reaction
with the changes in the refractive index of the medium.
Since the theoretical resistance of the LDR varies from 3MΩ (dark
resistance) to 10–20 kΩ (light resistance at 10 lx) [25], it was
convenient to express the values of resistance, using a logarithmic
function. When the function 1/log10(Ω), began to show little
variation assuming asymptotic behavior, or the formation of a plateauTable 1
Refractive index of the compounds involved in the transesteriﬁcation reaction.
Source: adapted from [20–24].
Material λ (μm) Temperature (°C) n
Water 0.5877 19 1.3334
Methanol 0.6328 20 1.3263
Soybean oil – 25 1.4728
Soybean oil biodiesel – – 1.4576
Glycerol 0.5892 20 1.4739
Where λ=wavelength, n=refractive index.[26], it was interpreted that the transesteriﬁcation had reached
chemical equilibrium. This assumption was based on the work of
Meng [11], Ellis [26] and Knothe [27].3. Results and discussion
Among other factors related to biodiesel production, Meng [11]
demonstrated the effect of reaction time on the conversion efﬁciency
of waste cooking oils with 6:1 methanol/oil molar ratio, 1.0 wt.%
NaOH at 50 °C. In this situation it was observed by [11] that after a
certain time the reaction came to equilibrium. In this case and under
these conditions the conversion during the ﬁrst 60 minwas about 85%
completed, while in the following 60 min the reaction progressed less
than 5%, indicating that the reaction was showing signs of chemical
equilibrium. When Ellis [26] monitored the biodiesel production
using in situ viscometer, a comparison of change in shear stress of
reaction mixture with time for different feedstock oil was provided.
The results showed that the shear stress was decreasing with time for
20 min. Subsequently a plateau was reached. Knothe [27] monitored a
progressing transesteriﬁcation reaction by ﬁber-optic near-IR spec-
troscopy with correlation to 1H NMR and showed that after about
60 min the reaction reached a plateau. He made a plot of turnover of
soybean oil to methyl soyate in a transesteriﬁcation reaction using
near infrared spectroscopy and 1H NMR spectroscopy. After the ﬁrst
30 min about 85% of the reaction was completed, while during the last
30 min of reaction proceeded only about 7%. Trevisan [17] applied the
on-line monitoring of a transesteriﬁcation reaction by infrared
spectroscopy. He was able to built a graph for the ﬁrst 5 min of the
his third transesteriﬁcation batch reaction. This led to the work of
Samios [28], he studying a transesteriﬁcation double step process for
biodiesel preparation from fatty acid triglycerides resulted in oil
conversions higher than 97%.
In this paper as soon as the beginning of chemical equilibrium is
detected, the reaction can be interrupted to separate the glycerin from
the biodiesel. This permits an earlier separation of the glycerin from
the biodiesel and the beginning of biodiesel reﬁning [13], leading to
optimized production conditions.
The technique used tomonitor the reactionwas different from that
used by Ellis [26], Knothe [27] and Trevisan [17], but the results were
consistent with those of these authors. This demonstrates that after a
certain reaction time, the transesteriﬁcation reaches chemical
equilibrium. This interval of time may have changes due to the
experimental conditions.
Just like Gurden [29] and De Braekeleer [30], Trevisan also made
use of chemometricmethods to obtain results of high quality. Trevisan
[17], points out some advantages about the on-line technique that he
used in comparison to HPLC (high-pressure liquid chromatography)
and GC (Gas Chromatography). HPLC and GC are techniques of high
precision, but thosemethods are time consuming and cannot be easily
used to on-line assess fast and reversible reactions, such as
transesteriﬁcation.
Perhaps one of the great advantages that the technique used by
Trevisan has on the techniques used by Knothe [27] and Ellis [26] is
the amount of information extracted from the reaction. Trevisan has
done readings from the reaction at every 15 s for 12 min. Ellis [26] has
done readings every 24 s for 20 min and Knothe [27] using a more
precise technique, but slower, did readings at an interval of 5 min. In
this work, a non-invasive technique was used. The rate of data
collection was made one sample per second. This rate can be better to
higher speeds, which will require more powerful computers and
larger capacity storage databases in order to perform the analysis of
the information. The sampling rate in this technique can be very high,
but the technique requires a prior knowledge of the reaction's kinetics
to estimate its chemical state. This technique, in the way that it was
performed, is sensitive to the chemical composition of the reaction
Fig. 5. Experimental graph illustrating the variation of resistance (Ω) as a function of time (s).
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determination of speciﬁc compounds in a multipart mixture.
The experimental results obtained for the transesteriﬁcation
reaction were stored in a database for further off-line processing
while a real-time graph was generated. This graph allowed the
correlation of the kinetic velocity of the reaction, described by the
mechanism of Fig. 2, with the variation of the refractive index (r) of
the medium. A typical experimental graph obtained is showing in
Fig. 5.
In Fig. 5, different moments of the monitored transesteriﬁcation
reaction are highlighted by the letters a, b, c and d.
Point “a”, indicates the addition of the alcoholic solution of
potassium hydroxide to the triglycerides. Consequently at this point
only the refraction index of the triglycerides is being measured.
Between points “a” and “b” the homogenization of the potassium
hydroxide alcoholic solution and the triglycerides occurs. This
situation is characterized by a high degree of optical activity caused
by the reaction medium (r).
Steps 3, 4, 5, 6 and 7 of Fig. 2 occurred mainly in the interval from
point b to point c. This was deduced from the observation of the
reduction of the refraction index of the reaction medium. The
refractive index difference of the components described by Eq. (3)
(1.4728−1.3263=0.1465) is higher than the refractive index
difference of the components of Eq. (4) (1.4739−1.4576=0.0163),
(see Table 1).
At point “c” of Fig. 2 steps 8 and 9 take place and the reaction
begins to reach a state of chemical equilibrium.
When the value of the line tangent to the curve 1/log10 (Ω), which
forms the β angle, presents little variation of the angular coefﬁcient
and attains a nearly constant behavior, the beginning of a state of
chemical equilibrium is assumed to take place.
Another more intuitive way of ﬁnding the reaction equilibrium,
but with a higher margin of error, is to determine the same
phenomenon by the observations in the resistance versus t (time)
real time plot. Thus it is possible to estimate the chemical equilibrium
arbitrating an instant in the time domain, when the curve demon-
strates a pseudo-asymptotic behavior. This point is arbitrarily
determined within the time interval represented by the segment “d”.
The α angle is very useful for analyzing the beginning of the
reaction. This is the angle formed by the tangent to the curve of
monitoration and the time axis in the graph of the reaction after the
homogenization of the raw materials is reached. The comparison of
this angle with previously performed reactions allows the estimation
of the future behavior of the reaction medium. The closer the angle αis to 90°, the shorter the time that the reaction will need to reach
equilibrium. The closer to 0° is the value for the α angle the longer is
the time needed for the establishment of the state of chemical
equilibrium.
4. Conclusions
Considering that Eq. (3) that represent the initial state of the
reaction and that this situation changes over time (converting itself
into Eq. (4) which represents the ﬁnal stage of the reaction), it is
reasonable to accept that the path taken by the LASER radiation
changes as describing the development of the transesteriﬁcation
reaction.
Passing through the reactionmedium r, which possesses a variable
refractive index as a function of time, the degree of LASER radiation
refraction also changes with time. Thus the amount of radiation that
leaves the LASER source (S) and reaches the sensor (E) changes
depending on the chemical composition of the reaction medium.
The analysis of the variation of LASER refraction allowed the
development of a methodology for determining the time when the
transesteriﬁcation reaction begins to reach chemical equilibrium.
A chemometric study about how a different feedstock or mixture
of feedstocks might perturb the model will be of good use; however it
will be tackled in a future manuscript.
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